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J. IlrTRoDUCTION 

Colorado O i l  Shale of the Green River Formation contains about 
1 6  per cent insoluble organic matter,  the so-called "kerogen." This 
represents about 80 per cent of the t o t a l  organic matter present. The 
remaining 20 per cent soluble organic matter represents the "soluble 
bitumen." 

The problem of t he  nature and cons t i tu t ion  of both "kerogen" and 
soluble bitumen and t h e i r  relationship t o  each o ther  i s  of considerable 
in t e re s t  both with respect t o  the question of the o r ig in ,  genesis and 
geochemistry of o i l  sha le  and the problem o f  degradation mechanisms 
during pyrolysis.  

conducted a t  the  Center for  Fundamental O i l  Shale Research of the  
University of Denver. Among several  approaches fo r  the s t ruc tu ra l  
elucidation of  o i l  sha le  kerogen investigated t o  da t e ,  the MPGM-method 
developed at the Center proved most e f fec t ive .  

spectrometry it could be shown that "kerogen" cons is t s  of a three-dimensional 
organic matrix of high molecular weight. 
matrix i t s e l f  appears t o  consist  of polycyclic "protokerogen" subunits o r  
nuc le i  (of t e t r a l i n ,  terpenoid, phenanthrenoid and steroid type s t ruc ture)  
interconnected by long chain alkanes and isoprenoids t o  form the three- 
dimensional network of the  kerogen matrix. Studies on synthetic model 
compounds of the "protokerogen" type support t h i s  concept. 

contains a subs t an t i a l  amount of entrapped long chain alkanes,  normal and 
branched f a t t y  ac ids  and other uncondensed "protokerogen" subunits not 
removed by the normal ext rac t ion  process. The presence of these compounds, 
which appear to have been overlooked, may considerably influence the r e su l t s  
of s t ruc tu ra l  inves t iga t ions  reported i n  the  l i t e r a t u r e .  

River O i l  Shale contains a t  l ea s t  two major types of kerogen: alpha-kerogen 
and beta-kerogen. 

macropyrolysis, chemical cleavage and by the  MFGM-method used i n  conjunction 
w i t h  reaction chromatography are  described. 
between kerogen s t ruc tu re ,  the soluble bitumen and the biogenesis and 
geochemical o r ig in  of  o i l  shale a re  discussed. 
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11. MATERIALS AND METHODS 

A. O i l  &le Samples. 

Samples were taken from f resh ly  mined raw sha le  of the  Green River Formation 
which were par t  of a 100 ton l o t  from the underground room-and-pillar mine of t h e  
Colony Development Corporation i n  the Eas t  Middle Fork of the  Parachute Creek i n  
Colorado. The material  was crushed to - 1/4 inch s i z e  and riffled.Samples used for 
the  extrection, separation and ana lys i s  experiments were ground to -100 mesh. 

B. %trac t ion  of Soluble Bitumen. 

The ground r a w  sha le  was exhausively extracted by percolation a t  5OoC w i t h  a number 

followed by treatement with ace t i c  ac id  t o  remove inorganic cabonatea and l i b e r a t e  
of organic solvents with successively increasing polar i ty  over severa l  weeks. This 

any weaker acids present. The acid leached material  was again exhaustively extracted 
with the  same solvent sequence. 

C. Concentration of Kerogen. 

1. Density gradient separation and 2. Chemical Separation by A d d  Leaching. The density 
grad ien t  method yielded a kerogen concentrate with about 3 percent ash content. However, 
the y ie ld  was r a the r  low. The acid leaching method gave a concentrate with about 12 percent 
ash content. This material  was used durin moat of the preliminary investigations.  

D. Analytical  Methods. 

Two methods were used for the separation of kerogen from the inorganla matr ix :  

A number of d i f f e r e n t  approaches were investigated for t he  degradation of kerogen to 
l a rge r  but t ractable  and identifyable fragments. Among these the most promissing one 
was a combination of micro-pyrolysis with pyrochromatography and maas spectrometry, 
deeignated a s  the MF'GM method. A schematic out l ine  of this method is shown i n  Figure 1. 

was used successfully for the aeparation and iden t i f i ca t ion  of predominantly primary 
pyrolysis fragments. Such fragments can be i den t i f i ed  and y i e l d  usefull information 
for the  evaluation of the st ructure  of kerogen subunits and t h a t  of kerogen i t s e l f .  

This controlled pyrolysis method combined w i t h  reaction chromatograpw'and mass spectrometry 

111. PFCOCEDUZ 

A modifiednFischer Technik" Induction Mor0 Pyrolysis instrument was used. This u n i t  
could be operated e i t h e r  
cons is t ing  of a Beckman Cc-r, u n i t  and a AEI M e 1  US 12 mass spectrometer. The kerogen 
concentrate was applied t o  the pyrolysis needles i n  the f o m o f  a very thin coating. 
The needle was paced in to  a micro pyrolysis chamber equipped with a in j ec t ion  eyringe 
t i p  which was inserted i n to  the in jec t ion  por t  of the GC Instrument or into a micro- 
condenser unit. After ign i t ion  the v o l a t i l e  mater ia l  m e  analyzed d i r e c t l y  by the CC-MS 
un i t  or collected in the condenser for preseparation of major f rac t ions .  To obtain 
suf f ic ien t  material for the l a t t e r  procedures e.g. GFC or micro column chromatography, 
up t o  200 ind i t idua l  pyrolysis reactions had t o  be car r ied  out. The prefractionation 
scheme used is shown i n  Figure 2. Some of these f r ac t ions  ( i n  pa r t i cu la r  the neutral  
hydrocarbon fract ions ) were subsequently analyzed by t he  GC-S method. 

Similar pyrolytic fragmentation experiments were carr ied out  in conjunction w i t h  
reac t ion  chromatography using e i the r  selenium dehydrogenation or hydrogenation reactions.  
In t h i s  way one obtains either aromatized or completely sa tura ted  der iva t ives  of the 
primary pyrolysis fragments; most of them representing "protokerogen' moieties. 

methods allows a bet ter  s t ruc tu ra l  evaluation of the  subunits of t he  hydrocarbon matrix 
of o i l  shale kerogen. 

in conjunction with a condenser u n i t  or vith a GC-Ms unit 

Coparison of thes  der iva t ive  s t ructures  w i t h  the  o r ig ina l  primay fragments using t h i s  

\ 
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The pyrolysis  fragmentation pat ten of major subunits obtained 
the mass s p e c t r a l  fragmentation pa t te rns  of a number of  such subuni ts  could be 
corroborated using i d e n t i c a l  or c lose ly  r e l a t e d  synthe t ic  reference compounds. 

by the MPGM method and 

IV. DISCUSSION 

The results of these s tud ies  car r ied  out  over a periode of several  years l e d  t o  the  

1. Microscopic analysis  and 
following conclusions: 

p a r t i c l e s  ind ica tes  the presence o f  a t  l e a s t  two types of kerogen components i n  the 
oil sha le  of the Green River Formation: The major component ( designated a s  alpha-kerogen ), 
represents  an a l g i n l t e  l i k e  material of  low aromatic content; the second component 
is present  i n  the form of darker  reddish-brown p a r t i c l e s  ( beta-kerogen ) with a much 
higher content  of  aromatic (probably polycondensed) material. The la t ter  represents  
about 5 percent of the  t o t a l  kerogen present. 

micro-spectrophotometric analysis  of i so la ted  "kerogen" 

2. Under control led micropyrolysis alpha-kerogen y ie lds  several  types of subunits: 
a) normal and branched alkanes, 
b) a l k y l  der ivat ives  af  decal ine and t e t r a l i n s ,  ( mostly o-substituted) and 
c )  a l k y l  subst i tuted t r i c y c l i c  terpenoid or phenanthrenoid type der ivat ives .  
In addi t ion there  a r e  present  a smaller number of higher molecular weight ring- 

compounds of probably s t e r o i d  or igin.  
Some of the  

3. From these subunits 

major subuni ts  obtained by the MPOM method are summarized i n  Table I. 

and o thers  obtained by micro-pyrolysis from kerogen one can 
r a t i o n a l i z e  a number of possible  aspects  concerning t h e  s t ruc ture  of alpha-kerogen: 
a )  The hydrocarbon part of the kerogen appears t o  be r e l a t i v e l l y  uniformly s t ructured 

1.e. consis t ing o f  nuc le i  of subunits ( representing 
units], in ter l inked by normal or branched alkane bridges or long chain e t h e r  
bridghes. The major p a r t  o f  the  subuglts cons is t  of alkyl subs t i tu ted  decal ins  
or t e t ra l ins .  A smaller proportion of these subunits m y  cons is t  of r i n g  systems 
containing hetero atoms. 

types of subunits form a threedimensional organic matrix. However there are 
r e w t l n g l y  occurr ing predominant subunits of  two and three-membered ring- 
systems. These have c h a r a c t e r i s t i c  s t r u c t u r a l  fea tures  which may be very 
informative about the or ig in  of the nprotokerogenu subunits. Thus the  kerogen 
of the Green River Formation does not  represent  a mater ia l  of randomly 
connected carbon atoms ( scrambled eggs) but appears to  be st ructured.  

c )  One can make an attempt to  put  the pr incipal  subunits together  and thus a r r i v e  
a t  some reasonable reconstructed o r i g i n a l  structure of t h e  kerogen molecule. 
&om the  s t r u c t u r e  o f  the  subunits obtained it appears t h n t  theywere Inter l inked 
by di-  and t r i - subs t i tu ted  subunits. The s t ruc ture  of  the  hydrocarbon skeleton 
of kerogen could therefore  be visual ized by a generalized s t ruc ture  shown In 
i n  Mgure 3. 

bui l t - in  "protokerogen" 

bi) The bulk of the skeleton is hetero strwural i.e. severa l  hundred d i f f e r e n t  

4. A somewhat anomalous phenomenon observed in iso la ted  kerogen concentrates provided 
addi t iona l  information on the possible  s t ruc ture  of kerogen. Exhoustively extracted 
kerogen stored under ni t rogen f o r  two years, yielded upon re-extraction w i t h  
n-hexane 5-6 percent  o f  material which upon ana lys i s  proved t o  be a mixture of  
normal and branched sa tura ted  hydrocarbons from C10 to C25 . Since the material 
was stored a t  ambient temperature ( 25OC ), it must be assumed t h a t  these hydro- 
carbons have diffused t o  the  surface of  the kerogen p a r t i c l e  from the i n t e r i o r  of 
t h e  kerogen matrix. Subsequent invest igat ions not  o n l y  coroborated t h i s  assumption 
but  also indicated t h a t  i n  addi t ion t o  these hydrocarbons there  are entraped within 
the organic matrix a number of other  res idual  "prorokerogen" components such a s  
normal and branched f a t t y  acids ,  a l j&jc l ic  acids  and/or t h e i r  a lkyl  der ivat ives ,  
c y c l i c  subunits such a s  a l k y l  der iva t ives  of decal ins  and t e t r a l i n s ,  terpenoids etc. 
These compounds can be extracted from the matrix if one "swells" the kerogen 
p a r t i c l e  by treatement w i t h  a lka l ine  alcohol ic  solut ions or by heat. The entraped 
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f a t t y  ac ids  present in the matrix may explain t h e i r  presence i n  the pyrolysate obtained 
under i n e r t  gas e.g. helium. 

5 .  These experiments may indicate  tha t  these compounds may be the res idua l  subunits 
from which the  kerogen was formed by hetero condensation; it can be .#-.:that 
this condensation process is still progressing, although a t  a very slow rate ,  
a s  part of the diagenetic process; however, because of the high v iscos i ty  of the 
s u b t r a t e  and the reduced d i f fu t ion  r a t e  the condensation reac t ion  is strongly reduced. 
Thus a more coniplete s t ruc tu re  of the i so l a t ed  kerogen mater ia l  could be visualized 
a s  shown schematically in Figure 4.  

6. The entraped material  is very s imi l a r  i n  composition t o  t h a t  of the soluble 
*bitumen". The l a t t e r  I s  di f fuse ly  d i s t r ibu ted  i n  the o i l  sha le  between the 
kerogen p a r t i c l e s  and the inorganic mineral matrix. This portion of t h e  organic 
matter i n  the 011 shale  of the Green River Formation may therefore  a l s o  represent 
*protokerogen" containing material  which is a s  y e t  no t  condensed t o  kerogen. 
Since the Green River Formation is  a r e l a t ive ly  young geologic formation i t  my 
explain the presence of the r e l a t ive ly  high percentage ( 20 percent ) of S t i l l  
soluble lower molecular weight compounds in the organic matter of the o i l  ehalr .  
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Table I. 
Principal Fragmentation Products of Kerogen Concentrate 

Identified in 
N o .  Name Formula Fraction 

1 . Aliphatic Hydrocarbons n-CIo to n-C,, 

b-C,, to b-C,, 

8 5 - 7  

1 2 2 - 1  

2 Alicyclic Hydrocarbons 

Cyclohexanes 123-1 
c10-13 H21-27 

Decalina 

c5-8 Hll-17 co 123-1  

3 Hydroaromatic 
Hydrocarbons 

C2-5H5-I l  
Dialkyltetralins 122-1 

123-1 

122-1 ,  

C8-12H17-25 

Hexahydro- 
phenanthrenes 

t 6 H  

4 Dialkylbensenes 123-1 

'8-13 17-27 

5 Dialkylnaphthalenes 123-1 
123-4 

c3-4  H7-9 

6 Alkylphenanthrenes 121-4 

CI-3 H3-7 lZ3-'  
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Figure 3. Generalized*Structure of Kerogen of the,Green River Formation 
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